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Abstract Energy deregulation and abnormalities of tumor cell metabolism are critical issues in understanding
cancer. Hereditary leiomyomatosis renal cell carcinoma (HLRCC) is an aggressive form of RCC
characterized by germline mutation of the Krebs cycle enzyme fumarate hydratase (FH), and
one known to be highly metastatic and unusually lethal. There is considerable utility in establishing
preclinical cell and xenograft models for study of disorders of energy metabolism, as well as in
development of new therapeutic approaches targeting of tricarboxylic acid (TCA) cycle enzy-
me—deficient human cancers. Here we describe a new immortalized cell line, UOK 262, derived
from a patient having aggressive HLRCC-associated recurring kidney cancer. We investigated gene
expression, chromosome profiles, efflux bioenergetic analysis, mitochondrial ultrastructure, FH
catabolic activity, invasiveness, and optimal glucose requirements for in vitro growth. UOK 262
cells have an isochromosome 1q recurring chromosome abnormality, i(1)(q10), and exhibit compro-
mised oxidative phosphorylation and in vitro dependence on anaerobic glycolysis consistent with
the clinical manifestation of HLRCC. The cells also display glucose-dependent growth, an elevated
rate of lactate efflux, and overexpression of the glucose transporter GLUT1 and of lactate dehydro-
genase A (LDHA). Mutant FH protein was present primarily in edematous mitochondria, but with
catalytic activity nearly undetectable. UOK 262 xenografts retain the characteristics of HLRCC
histopathology. Our findings indicate that the severe compromise of oxidative phosphorylation
and rapid glycolytic flux in UOK 262 are an essential feature of this TCA cycle enzyme-deficient
form of kidney cancer. This tumor model is the embodiment of the Warburg effect. UOK 262
provides a unique in vitro and in vivo preclinical model for studying the bioenergetics of the
Warburg effect in human cancer. © 2010 Elsevier Inc. All rights reserved.

1. Introduction dominant conditions in 1995. In 2001 the cutaneous,
uterine, and renal manifestations were described as a single
entity by Launonen et al. [3], and the condition was re-
named hereditary leiomyomatosis and renal cell carcinoma
(HLRCC). Typically, HLRCC- associated renal lesions
present as unilateral, solitary, high-grade tumors that have
a predisposition to metastasize early [2,4—6].

The FH gene, which causes HLRCC, encodes fumarate
hydratase (FH), one of the essential metabolic enzymes of
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Hereditary leiomyomatosis and renal cell carcinoma
(HLRCC) is an inherited cancer syndrome in which
affected individuals are at risk for development of cuta-
neous and uterine leiomyomas and of renal cell carcinoma
(RCC). The cutaneous and uterine manifestations [1] and
the renal manifestations [2] were described as autosomal
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long arm of chromosome 1 at 1q42.3~q43 [4,7]. Previous
reports have indicated that these tumors display papillary
type 2 histology [7]. Merino et al. [8] described the unique
features of HLRCC tumor cell morphology: not only a high
Fuhrman grade (3 or 4) suggestive of papillary type 2 histo-
logical type, but also the presence of large eosinophilic
nucleoli with a clear perinucleolar halo. Use of these unique
morphologic features has greatly improved diagnostic
accuracy for HLRCC kidney cancer.

Investigators have noted that a common feature of
a number of types of cancer is preferential utilization and
catabolism of glucose [9—15], particularly in tumors with
high malignant potential, tumors that are poorly differenti-
ated, and tumors that proliferate rapidly. Despite consider-
able progress in identification of the genetic and molecular
factors contributing to the malignant phenotype of HLRCC,
studies of gene and protein expression and of the cytogenetics
of HLRCCs are limited, and there has been no well-
characterized tumor cell line model available. We have
previously established and characterized renal tumor cell
lines for studies of the VHL gene in clear cell kidney cancer
[16], the FLCN (alias BHD) gene in the Birt—Hogg—Dubé
syndrome [17], and the TFE3 gene [18,19].

This report describes the properties of the UOK 262 cell
line, which was established from a metastatic HLRCC
kidney tumor surgically removed from a patient with recur-
rent kidney cancer. Unlike other available renal carcinoma
cell lines, UOK 262 cells provide both an in vitro and an in
vivo model for studying the metabolic impact of fumarate
hydratase deficiency in kidney cancer. This cell line
provides a unique model with which to study the Warburg
phenomenon in human cancer.

2. Materials and methods
2.1. Patient characteristics

The patient, who was evaluated at the U.S. National
Cancer Institute (NCI) on a Urologic Oncology Branch
protocol approved by the NCI institutional review board,
gave written informed consent for participation in this
study. The presentation and clinical course of this patient
were described previously [6].

In brief, the patient was an asymptomatic 48-year-old
white female who was initially found to have a large renal
mass during an evaluation initiated because of a strong
family history of renal cell carcinoma and because of cuta-
neous findings characteristic of HLRCC. The patient’s past
medical history was notable for presence of multiple cuta-
neous leiomyomas on arms and trunk, as well as uterine
fibroids requiring myomectomy and partial hysterectomy
at an early age. She underwent an open right radical
nephrectomy of a 10-cm renal tumor at an outside institu-
tion. The renal pathology revealed a renal cell carcinoma
with tubulopapillary and clear cell histology. The surgical
margins were free of tumor.

Approximately 14 months after the initial surgery, the
patient was found to have a tumor recurrence in the retroper-
itoneum and retroperitoneal lymphadenopathy, which sug-
gested metastatic disease. Metastatic work-up revealed
disease localized to the retroperitoneum. The patient under-
went exploratory laparotomy and retroperitoneal lymph node
dissection. Pathologic evaluation revealed the presence of the
tumor in the right adrenal gland, as well as in four retrocaval
nodes. Given the identification of cutaneous leiomyomata,
the early onset of uterine fibroids, prior renal carcinoma,
and a strong family history of kidney cancer, the patient
underwent germline genetic testing to confirm the diagnosis
of HLRCC. She was found to have a germline mutation in
FH, the fumarate hydratase gene [6]. The patient was subse-
quently found to have disease progression in the medias-
tinum, as well as new lesions on the calvarium. Despite an
initial response to systemic chemotherapy, the disease
progressed further and the patient died ~21 months after
her original renal surgery.

2.2. Establishment of the UOK 262 immortalized
cell line

The UOK 262 cell line was established from tumor
tissue following tissue and cell culture protocols and tech-
niques of the Urologic Oncology Branch, as previously
described, with modifications [17]. The first passage was
carried out 2—3 days after plating by a light treatment with
0.05% trypsin—ethylene-diamine-tetraacetic acid, while
monitoring the cells under an inverted tissue culture micro-
scope. After passage 20, subsequent passages were carried
out every 2—3 days by splitting 1 to 2 in the same manner.

2.3. Tumor xenografts in Nu/Nu nude mice

Animal usage was in accordance with the guidelines of
the National Cancer Institute. Female athymic nude mice
(Taconic, Germantown, NY) were received at 4—5 weeks
of age and kept in our animal facility for 2 weeks prior
to injection with tumor cells. Approximately 5 x 10°
UOK 262 cells in 0.2 mL (50:50 1 x Hanks buffered salt
solution—Matrigel [BD Bioscience, San Jose, CA]) were
injected subcutaneously into athymic nude mice, in the
right flank, to determine the tumorigenic potential, as previ-
ously described [17]. Xenograft tumor specimens were re-
implanted into additional mice, grown, harvested, and this
process was repeated several times.

2.4. Glucose dependence of cell growth in vitro

Growth rates were compared under conditions of low
(0.5 g/l and 2.5 g/L) and high (5 g/L and 10 g/L) glucose
in Dulbecco’s modified Eagle’s medium (DMEM; Invitro-
gen, Carlsbad, CA). Equal numbers of cells were plated
into six-well plates at ~30% initial confluence and were al-
lowed to grow for 72 hours. Cells in particular wells were
counted in triplicate at 24-hour intervals using a Cellometer
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auto T4 image-based cell counter (Nexcelom Bioscience,
Lawrence, MA).

2.5. Measurements of extracellular acidification and
oxygen consumption rate

The XF24 extracellular flux analyzer (Seahorse Biosci-
ence, North Billerica, MA) was used to detect rapid, real-
time changes in cellular respiration and glycolysis rate.
UOK 262 and control cells (786—0 and HK-2; ATCC,
Manassas, VA) were cultured in custom XF24 microplates.
Analysis of the extracellular acidification rate (ECAR)
reflects lactate excretion and serves as an indirect measure
of glycolysis rate; O, consumption (OCR) reflects cellular
respiration and is directly determined [20]. All measure-
ments were performed following manufacturer’s instruc-
tions and protocols, and the observed rates are reported in
pmol/min for OCR and mpH/min for ECAR.

2.6. Cell invasion assay

In vitro invasiveness of UOK 262 cells was evaluated
using a cell invasion and migration monitoring system
(RT-CIM; ACEA Biosciences, San Diego, CA) and was
compared with both VHL-deficient 786—0 clear cell renal
carcinoma cells and HRCE normal renal cortical epithelial
cells (catalog no. CC-2654; Lonza, Basel, Switzerland).
The upper and lower culture compartments of the device
are separated by a polyester membrane of 8 pm pore size
coated with fibronectin (10 pg/mL). The membrane itself
contains microelectronic sensor arrays that register an
impedance signal as cells pass through from upper to lower
chamber, which serves as a reservoir for media. Prior to
assay, cells were cultured overnight without serum. The
wells were filled with serum-free DMEM in the top
chamber and with DMEM containing 10% fetal bovine
serum in the bottom chamber. Both chambers were incu-
bated for 30 minutes at 37°C. Then 4 x 10* cells of each
cell line were added per well to the top chamber (serum
free medium). All wells were prepared in triplicate and
invasion was monitored in real time for 5 days in a humid-
ified incubator at 37°C and 5% CO,. Using software
supplied by the manufacturer, we derived a dimensionless
parameter, the cell index, to quantify the invasiveness of
each cell line, and this value was plotted against incubation
time.

2.7. Spectral karyotyping, gene-specific fluorescence in
situ hybridization analysis, and DNA sequencing

The metaphase chromosomes were prepared from
passage 16 of UOK 262 cells. Three bacterial artificial
chromosome-based human genomic DNAs were used as
gene specific probes for fluorescence in situ hybridization
(FISH) analysis: from 5’ end, RP11-409K12 (70 kb);
RP11-509A24 (4 kb); RP11-527D7(157 kb). The detailed
methods for spectral karyotyping (SKY) and FISH analyses

were as previously described [21,22]. The karyotype for
UOK 262 (see section 3.4 and the figure cited therein)
has been entered into the NCBI SKY/CGH interactive on-
line database (http://www.ncbi.nlm.nih.gov/sky/skyweb.
cgi). Public access takes effect upon publication of the
present article. DNA sequencing was performed as
previously described [17].

2.8. Cellular and ultrastructural imaging of
mitochondria

Both UOK 262 cells and control HRCE human renal
cortical epithelial cells were harvested in triplicate at passage
34. Cell pellet fixation and thin sectioning for ultrastructural
studies was carried out as described previously [17] with
minor modifications. The cell pellet was fixed in 2.5%
phosphate-buffered saline (PBS)—buffered glutaraldehyde,
postfixed in 1.0% osmium tetroxide in 0.1 mol/L sodium
cacodylate buffer, dehydrated in a series of ethanol, and
infiltrated with Epon—Araldite epoxide resin (Ted Pella,
Redding, CA) for 2 days. Samples were polymerized at
60°C for 2 days. Ultrathin sections (~100 nm) were cut using
a Leica EM UC6 Microtome (Leica Microsystems, Wetzlar,
Germany; Bannockburn, IL) and collected on film-supported
slot grids. Sections were slightly counter-stained with uranyl
acetate and lead citrate, and examined with a Philips CM 120
transmission electron microscope (equipped with a model
GIF100 camera; Gatan, Pleasanton, CA) operating at a beam
energy of 80kV. Images were acquired by using a Gatan
high-resolution charge-coupled device camera.

2.9. Antibodies, immunohistochemistry, and
immunoblotting

UOK 262 cells (passage 16) were seeded in Lab-TEK II
chamber slides (Nalge Nunc International, Naperville, IL),
fixed in 3.7% formaldehyde in PBS, and permeabilized in
0.2% Triton-X100. Cells were then washed three times in
PBS and incubated for 1 hour at room temperature with either
rabbit anti-human GLUT1 (1:500 dilution; Dako, Glostrup,
Denmark) or mouse anti-human FH (1:200 dilution; catalog
no. ab58232, Abcam, Cambridge, UK). Antibodies used for
mitochondria analysis include rabbit anti-human SOD2
(catalog no. ab13533; Abcam). After three washes in PBS,
cells were incubated with either goat anti-rabbit or goat
anti-mouse IgG-Alexa fluor 488/Alexa fluor 594 (1:500 dilu-
tion; Invitrogen) for 30 minutes at room temperature, washed
in PBS, and briefly counterstained with 4',6-diamidino-
2-phenylindole.

After mounting, cells were observed under a Leica
DMRXxA fluorescent microscope and images were obtained
with IPLab v.3.7 software (Scanalytics, Fairfax, VA). Anti-
bodies used for Western blotting include B-actin (catalog
no. A2522; Sigma—Aldrich, St. Louis, MO) and FH
(catalog no. ab58232; Abcam).
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2.10. Gene expression analysis by quantitative real-time
polymerase chain reaction

Gene expression was analyzed by real-time polymerase
chain reaction (PCR) for FH and four other genes: solute
carrier family 2 (facilitated glucose transporter), member
1 (SLC2AI, 1p34.2; previously GLUTI); LDHA; succinate
dehydrogenase complex, subunit C, integral membrane
protein, 15 kDa (SDHC, 1g21); and peroxisome prolifera-
tor-activated receptor gamma, coactivator 1 alpha (PPARG-
CIA; alias PGCIA).

In brief, total RNA was extracted from 1.0 x 10° UOK 262
cells using TRIzol (Invitrogen). Total RNA (20 ng) was
reverse-transcribed for cDNA synthesis using random hex-
amers in a final volume of 20 pL, and 1 pL of the resulting
cDNA was used for PCR amplification in an ABI 7000
real-time PCR system (Applied Biosystems, Foster City,
CA) as recommended by the manufacturer. Primers and flu-
orogenic probes were designed by Applied Biosystems in the
form of TagMan: assay no. Hs00197884_ml (for SLC2A1,
alias GLUTI), Hs00855332_gl (LDHA), Hs00818427_ml
(SDHC ), and Hs00173304_m1 (PPARGCIA; alias PGCIA).
mRNA expression for these genes in UOK 262 was normal-
ized to the housekeeping gene peptidylprolyl isomerase A
(cyclophilin A) (PPIA; alias CYPA) and CT values were
further normalized to those obtained from a normal HRCE
cell line. Samples were run in duplicate and CT values
obtained were compared by the ACT method. Results are
expressed as fold-change relative to HRCE values from
two independent experiments.

2.11. Measurement of FH enzyme activity

Whole-cell protein quantification in the extract of UOK
262 and control cells was undertaken by the bicinchoninic
acid colorimetric assay as previously described [23]. In
vitro FH enzyme activity was measured by NADP—malic
enzyme coupled assay as previously described [24]. In
brief, the increase in absorbance at 340 nm from NADPH
formation was measured after adding fumarate (Sigma—
Aldrich) at final concentration of 10 mmol/L into a total
volume of 1 mL reaction mixture of cell extract at 30 °C
for 10 minutes. All spectrophotometric measurements were
conducted using a Beckman DU-530 spectrophotometer
(Beckman Coulter, Fullerton, CA).

3. Results

3.1. Glucose uptake by PET imaging in vivo and glucose
dependence of cultured tumor cells in vitro

As we have described here, upon completion of the
metastatic work-up the disease from the patient appeared
to be localized to the retroperitoneum and was best viewed
by abdominal and pelvic computed tomography (CT) as
well as by positron emission tomography (PET). Anatomic

imaging of the tumor mass was performed with CT
(Fig. 1A). A regional lymph node metastasis was identified
based on enhanced glucose uptake observed from PET
imaging with fluorodeoxyglucose (['*F]FDG) (Fig. 1B).
To determine if UOK 262 cells display increased glucose
dependence in vitro, we monitored their growth in media con-
taining concentrations of glucose varying from 0.5 to 10 g/L
(Fig. 1C). In contrast to the clear cell RCC cell line 786—0,
UOK 262 cells required a glucose concentration of at least
2.5 g/L for survival and at least 5 g/L for optimal growth.

3.2. Invasiveness of UOK 262 cells

UOK 262 cells in culture exhibited an atypical branch-
ing morphology, and histopathologic features notably
similar to HLRCC, such as large nuclei with prominent
nucleoli and atypical perinucleolar clearing (Fig. 1D). We
next compared the in vitro invasive potential of UOK 262
with that of HRCE and 786—0 cells. The real-time quanti-
tative assessment of invasion for each cell line showed that
UOK 262 was more invasive than 786—O0, and untrans-
formed HRCE cells were not invasive (Fig. 1E).

3.3. UOK 262 retains HLRCC histopathologic features

Histopathologic analysis of subcutaneous xenograft
tumors (Fig. 2A) derived from UOK 262 revealed that
UOK 262 retained the characteristic features of the retro-
peritoneal nodal HLRCC tumor (Fig. 2B) from which it
was derived: both are characterized by large eosinophilic
nuclei or nucleoli and atypical perinucleolar clearing [8].
These characteristics were noted in the patient’s primary
kidney tumor, as well as in a retroperitoneal lymph node
metastasis (data not shown).

3.4. Cytogenetics and identification of isochromosome
i(1)(q10) in UOK 262 cells

Three different DNA probes together encompassing the
entire FH gene genomic region were used to determine
gene copy number by FISH (Fig. 2C). Spectral karyotyping
was also performed, to detect alterations at the chromo-
some level (Fig. 2D). FISH analysis showed that all three
FH genomic DNA fragments from the bacterial artificial
chromosome-based human genomic DNA (see section
2.7) are present in both the normal chromosome 1 and in
an isochromosome 1, i(1)(q10), at band 1g42.3 (in UOK
262 at passage 34). The isochromosome i(1)(ql0) in
UOK 262 consists of two long arms of chromosome 1 fused
together at the centromere region. We have repeated the
FISH analysis for cells at both early and late passage
(passages 6 and 63, respectively) and confirmed that
UOK 262 cells contain isochromosome 1q i(1)(ql0) as
a clonal abnormality regardless of passage number.

Ten metaphase spreads were karyotyped by SKY, and each
spread revealed multiple clonal abnormalities (Fig. 3D), as
well as unique ones, and also multiple numerical and
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Fig. 1. (A) Abdominal computed tomography scan reveals a recurrent, right retroperitoneal tumor mass in a patient with hereditary leiomyomatosis renal
cell carcinoma (HLRCC). (B) ['®F]fluorodeoxyglucose positron emission tomography imaging of the patient reveals strong glucose uptake in the lymph node
tumor metastasis. (C) The in vitro growth of UOK 262 cells in 0.5, 2.5, 5, and 10 g/L p-glucose. Proliferation and survival of the cells were glucose depen-
dent. (D) The morphology of UOK 262 cells in culture, showing active branching and the unique HLRCC pathological features of large nuclei with predom-
inant nucleoli and atypical perinucleolar clearing (arrows) (40x). (E) Real-time assay of the invasive potential of UOK 262 cells, compared with control cells

(786—0) and normal renal cortical epithelial cells (HRCE).

structural aberrations (indicative of genomic instability). The
composite karyotype was 47,X,—X,+1,i(1)(q10),+-5,der(21)
t(15;21)(q15;p11.2), +22. The karyotype for UOK 262
has been entered into the NCBI SKY/CGH interactive
online database (http://www.ncbi.nlm.nih.gov/sky/skyweb.
cgi) [21,22]. Public access takes effect upon publication of
the present article.

3.5. UOK 262 cells harbor an FH germline mutation at
exon 8

The patient possessed a germline mutation in FH at nucle-
otide 1187 in exon 8, resulting in a GIn396Pro amino acid

change (determined as previously described) [13]. To deter-
mine whether UOK 262 cells contain the identical FH germ-
line mutation, we sequenced genomic DNA from early and
late passages of the cell line. From the DNA sequencing chro-
matograms (Fig. 3A) we verified the nucleotide change as
identical to the patient’s germline missense mutation, which
is an A to C change, in both early and late passages of UOK
262. Only the germline mutation sequence was present in the
tumor cells, confirming a loss of heterozygosity of the wild-
type allele at this nucleotide position. An amplified, single
mutant allele is retained in UOK 262. (Figure 2C shows four
copies of chromosome 1q in passage 34 cells.)
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Fig. 2. (A) Tumor tissue from xenograft derived from UOK 262 cells (3 x 10%). Hematoxylin—eosin (H&E) stain (original magnification: 200x).
(B) H&E staining of tissue from metastatic HLRCC kidney cancer removed surgically from the patient’s retroperitoneum (original magnification
200x%). (C) Gene-specific fluorescence in situ hybridization (FISH) analysis of UOK 262 cells. The FH gene genomic probe RP11-527D7 (157 kb)
is present in both normal copies of chromosome 1 and in an i(1)(q10), band 1q42.3. (D) Spectral karyotyping (SKY) revealed clonal and also multiple
numerical and structural aberrations, for the composite karyotype 47,X,—X,+1,i(1)(q10), + 5,der(21)t(15;21)(q15;p11.2),4-22.

3.6. Mitochondrial morphology, subcellular localization
of mutant FH protein, and FH enzymatic activity in
UOK 262

Ultrastructural examination of UOK 262 cells revealed
a larger number of mitochondria in each cell than was seen
in normal renal cortical epithelium cells (HRCE). Evalua-
tion of UOK 262 mitochondria revealed edema, and various
degrees of disintegration and disruption of the internal
membrane cristae (Fig. 3B).

Recent reports [25,26] indicate that, in most human cells
and tissues, FH protein is mainly or exclusively localized to
the mitochondria. Having established that UOK 262 cells
contain only a mutated version of the FH gene, we asked
whether the predicted full-length mutant protein is present
and localized in the mitochondria. Immunofluorescence
was used to detect both FH and superoxide dismutase 2
(SOD2) (the mitochondrial form of the SOD protein
family). The in situ distribution of both FH and SOD2 in
UOK 262 (Fig. 4A) indicates that the mutant FH protein

in UOK 262 is primarily colocalized with SOD2, confirm-
ing its presence in the mitochondrial matrix.

We further evaluated FH gene expression by real-time
PCR and Western blot analysis, and we compared FH
expression in UOK 262 cells to its expression in both
786—0 and HK-2 renal cells. Although FH expression
appears somewhat decreased in UOK 262 compared with
the other cell lines (Fig. 4B, top and middle), Western blot-
ting confirms that the expressed FH protein is full length, as
predicted. Notably, the enzymatic activity of FH protein in
UOK 262 cells is not detectable, and is at least 60-fold
lower than in either 786—0O or HK-2 cells (Fig. 4B,
bottom).

3.7. UOK 262 cells overexpress genes and proteins
involved in glycolysis

We initially examined whether glycolytic activity may be
elevated in UOK 262 cells, using immunocytochemistry.
UOK 262 cells were strongly positive for expression of the
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Fig. 3. (A) DNA chromatograms of the fumarate hydratase (FH) gene sequence surrounding nucleotide 1187. DNA was prepared from wild-type control
sequence and early and late passages of UOK 262. (B) Transmission electron microscopy images of mitochondria from UOK 262 cells (top row) and from
normal human renal cortical epithelial (HRCE) cells (bottom row). Mitochondria of UOK 262 tumor cells are edematous and show disruption of internal

membrane cristae. Scale bars indicate magnification.

GLUT1 and LDHA proteins (Figs. SA and 5B). We validated
these data by determining mRNA expression using real-time
PCR. We examined GLUT1 and LDHA expression, as well
as expression of other mitochondrial enzymes and other
proteins, including the Krebs cycle enzyme SDHC and, the
master regulator of mitochondrial gene expression, PGC1A.
In comparison with normal renal epithelium, we detected
a twofold upregulation of PGC1A, greater than threefold
upregulation of SDHC, and, consistent with our immunocy-
tochemical data, ~15-fold upregulation of LDHA and > 100-
fold upregulation of GLUT! (Fig. 5C).

3.8. Significant attenuation of mitochondrial respiration
in UOK 262 cells concomitant with increased glycolytic

flux

We next explored the relative contributions of mitochon-
drial respiration, as measured by oxygen consumption rates
(OCR), and glycolysis, as measured by extracellular acidifi-
cation rate (ECAR), to energy production in UOK 262 cells.
For comparison, we obtained similar data for 786—0O and
HK-2 cells. The basal OCR for UOK 262 cells was
21.98 = 0.7 pmol/5 x 10* cells per minute; for HK-2 cells
it was 89.46 + 0.81 pmol/5 x 10* cells per minute; and for
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Fig. 4. (A) Double immunofluorescence labeling for protein expression in situ. Mutant FH protein is primarily localized to mitochondria of UOK 262 cells.
Alexa-Fluor-488 labeling with mouse monoclonal antibody to human FH (top panel); Alexa Fluor-594 labeling with rabbit antibody to human superoxide
dismutase 2 (SOD2), which is a marker of the mitochondria matrix (middle panel); and merge, or overlap of signals, obtained with both FH and SOD2 anti-
bodies showing colocalization of FH and SOD2 (lower panel). (B) Real-time polymerase chain reaction (top panel) and Western blot (middle panel), showing
that both mutant FH mRNA and protein are present in UOK 262 cells. FH enzymatic activity in UOK 262 cells (bottom panel) is undetectable.

786—0 cells it was 195.98 = 1.89 pmol/5 x 10* cells per
minute (Fig. 5D). Based on instrument sensitivity, an OCR
of <20 pmol per minute is indistinguishable from signal
noise, because of low levels of nonmitochondrial oxygen
utilization: mitochondrial respiration accounts for ~ 90% of
cellular oxygen consumption, and cellular protein oxidation
accounts for the remaining 10% [27]. These data thus confirm
that mitochondrial respiration is near zero in UOK 262 cells.
By measuring ECAR in parallel with oxygen consumption,
we found that glycolytic flux is markedly elevated in UOK
262, compared with the other cell lines (Fig. S5E), consistent
with upregulation of LDHA, and with our recent study
showing that these cells are obligate fermenters and must rely
fully on glycolysis for energy production [28].

4. Discussion

In the 1920s, Otto Warburg made the remarkable observa-
tion that cancer cells preferentially use glycolysis to produce
adenosine triphosphate, even in the presence of normal levels
of oxygen (a phenomenon now known as the Warburg effect),
and he proposed that abnormalities in energy metabolism
were a fundamental aspect of cancer [15,29—31].

Hereditary leiomyomatosis renal cell carcinoma
(HLRCC) is a novel form of inherited kidney cancer in
which affected individuals are at risk for development of
cutaneous and uterine leiomyomas and kidney cancer
[1—3]. Characterized by germline inactivating mutation of
the Krebs cycle enzyme fumarate hydratase [4], HLRCC
is unique among kidney cancers in its remarkable
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Fig. 5. Immunohistochemistry, real-time PCR analysis, and real-time measurement of mitochondrial respiration rate and lactate efflux (glycolysis rate) in UOK
262 cells. (A) GLUT]1 protein is strongly expressed at branching tumor cell membrane (original magnification: 1000 x ); (B) LDHA is strongly expressed in a murine
xenograft of UOK 262 cells (original magnification: 400x). (C) Comparison of gene expression in UOK 262 cells (green columns) with HRCE normal renal cortical
epithelial cells (black columns). Note interruption in vertical scale [solid bar: no change line; dashed lines: twofold change up and down; error bars: standard error of
the mean (SEM)]. (D) Basal cellular respiration rate (oxygen consumption rate, OCR) and (E) basal extracellular acidification rate (ECAR) of UOK 262 and control
cells. Both OCR and ECAR were normalized against cell number and expressed as rate per 5 x 10* cells. Error bars indicate =1 standard deviation; n = 5.

propensity to grow quickly and metastasize early [6].
Detection of fumarate hydratase mutation in a high
percentage of HLRCC families [4,13,32—33] has enabled
early identification of disease in at-risk individuals, allow-
ing for initiation of therapy when tumors are still small
and potentially curable. Nonetheless, despite aggressive
monitoring, patients remain at risk for the early develop-
ment of advanced disease. The dependence of HLRCC
tumors on glycolysis, coupled with their impaired mito-
chondrial respiration, mark this hereditary renal cancer as
a unique example of Warburg’s hypothesis [15]. The find-
ings presented here suggest that strategies to interfere with
glycolytic flux may represent a targeted approach to
therapy for HLRCC.

Xie et al. [34] developed a novel A549 surrogate FH-
deficient cell line that had increased lactate levels,

enhanced HIF1A levels, and increased expression of
GLUTI1 and vascular endothelial growth factor (VEGF).
Furthermore, Xie et al. [34] showed that LDH-A inhibition
in the A549 FH-deficient cells increased apoptosis via reac-
tive oxygen species (ROS) production and increased
oxygen consumption.

The present article describes and characterizes UOK 262,
a human cell line derived from a patient with HLRCC-
associated kidney cancer. We recently showed glucose-
mediated generation of cellular ROS and ROS-dependent
HIF1A in UOK 262 [28]. We now report that that this cell line,
which harbors an inactivating germline FH mutation and
displays loss of heterozygosity, can grow as a xenograft in
nude mice and exhibits additional notable characteristics:
(a) autonomous growth that requires elevated extracellular
glucose levels; (b) impaired oxidative phosphorylation; (c)
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a highly invasive phenotype; (d) pronounced upregulation of
genes involved in glucose uptake and metabolism; (e) and
retention of the morphologic characteristics of HLRCC
kidney cancer. UOK 262 thus provides a useful cell model
for studying the underlying molecular derangements associ-
ated with impaired oxidative phosphorylation in cancer and
for evaluating novel therapeutic approaches for this disease.

The majority of fatalities from HLRCC are caused by
tumor invasion and metastasis. In the present case, FDG-
PET scanning of the patient clearly imaged the metastatic,
recurrent tumor. A tumor with constitutive impairment of
mitochondrial respiration that is dependent on glucose
transport and glycolysis for energy production is clearly
imaged by FDG-PET imaging (an example of functional
imaging). Overexpression of GLUT1, visualized by real-
time PCR and immunohistochemistry, as well as the
notable dependence of UOK 262 on high glucose for
survival and proliferation, indicates that the in vitro model
is phenotypically similar to HLRCC tumor tissue [9,34].
Whether the strong expression of glycolytic enzymes and
enhanced glycolytic flux in UOK 262 is a direct conse-
quence of loss of FH activity and resultant impairment of
mitochondrial respiration is yet to be determined, but we
and others have previously shown that molecular knock-
down or knockout of FH in other cell lines leads to rapid
upregulation of GLUT1 expression, glucose uptake, and
glycolysis [9,34]. Furthermore, in a recent study we showed
that these events are reversible upon reintroduction of func-
tional FH, suggesting that lack of FH activity is sufficient to
establish the phenotypic behavior of UOK 262 cells [28].

Isochromosome 1q frequently occurs in Wilms tumor
and sarcomatoid tumors [35,36]. As we showed in our
sequencing results in UOK 262 cells, only the germline
mutant allele was retained, despite having four copies con-
tained within the intact long arm of chromosome 1 (both
homologues), as well as in the isochromosome i(1)(q10), that
has two long arms of 1 fused at their centromeres (Fig. 2C).
Isochromosome 1q may prove a marker for HLRCC. Zhang
etal. [37] reported that chromosome-specific marker analysis
from hereditary nonpolyposis colorectal cancer (HNPCC)
indicated that loss of the wild-type allele predominantly
occurs through locus-restricted recombinational events
(i.e., gene conversion), rather than mitotic recombination
or deletion of the respective gene locus. Of interest, if the
extra copy number of chromosome arm 1q, including
1(1)(q10), that contains the FH mutant allele is being selected
for, it may have a role in UOK 262 tumorigenesis and in in
vitro immortality. Alternatively, the absolute dependence of
UOK 262 on glycolysis may itself determine the tumorige-
nicity and metastatic potential of these cells.

The morphology of mitochondria in UOK 262 cells
suggests that mitochondrial function may be impaired and
that the mitochondrial membrane or matrix may be disrupted.
In UOK 262, mutant FH protein was targeted to mitochondria,
and it was strongly associated with the mitochondrial matrix.
Whether the mitochondrial localization of enzymatically

inactive FH plays a role in the mitochondrial swelling and
cristae disruption seen in UOK 262 is currently being
investigated.

In summary, the fumarate hydratase deficient (FH /FH )
UOK 262 kidney cancer cell line represents a genetically
defined example of the Warburg phenomenon in a human
cancer. It provides both an opportunity to study the molecular
pathways that are deregulated in cancer when mitochondrial
respiration is compromised and also a platform for testing
novel therapeutic strategies that target energy deregulation
in human cancer.
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